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INTRODUCTION 
The recently developed impact-echo (IE) method, which utilizes an impact and subsequent 
displacement monitoring of the concrete surface, appears promising for the inspection of 
concrete structures. IE has been shown to be particularly suitable for void, delamination, and 
cracking detection in hardened concrete structures including bridge decks since deep 
penetration into the structure and one-sided accessibility are obtained. For this method to be 
reliable, however, accurate measurements of peak frequencies in the magnitude spectrum of 
the frequency domain must be made. In addition, the interpretation of confusing spectrums 
may be required. The first part of this paper reviews the existing impact echo technique, 
including typical signal generation and capture possibilities as well as the accepted signal 
processing. Next, an alternative approach to signal processing is developed; this approach is 
based on a brief literature revie'5-and laboratory experiments. It is proposed that this 
approach, based on the spacing of peaks in the magnitude spectrum may reduce the 
uncertainty of impact echo signal analysis. 
EXISTING APPROACH 
The fundamentals of the impact-echo technique are described in several publications.[1-3] 
A summary of these follows. 
Data Collection 
A stress pulse, comprised of compressional waves, shear waves, and surface waves, is 
introduced into a concrete structure by mechanical impact with a hammer strike or a ball drop. 
The frequency content of the stress pulse is determined by contact time of the impact: the 
shorter the contact time, the higher the frequency content. Typically, contact times in a range 
of 30 to 60 Jlsec are achieved. The stress wave pulse undergoes multiple reflections between 
the top surface and any reflector inside the material such as voids, discontinuities, or other 
free surfaces; that is, a so-called "resonance condition" is set up by multiple reflections of the 
stress waves. The surface displacement (the action of the compressional waves is of primary 
interest), at a point near the impact site, is monitored with a transducer; it is assumed each 
specific wave arrival has the shape of a half-sine. That is, only positive or only negative 
displacements will be received. An example of the form of an expected received signal is 
given in Figure 1. Note that surface velocity or acceleration may also be monitored with 
appropriate transducers. Often, these transducers contain preamplifiers which help improve 
he signal-to-noise ratio of the received signals. The response of the transducers is sent to a 
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computer equipped with an AID acquisition board. Thus, the received time domain signal is 
received, digitized, and stored. Study of the stored and processed signals, processing 
described below, enable detection of reflectors within the concrete over the site of impact. 
This method has been applied fairly effectively; however, the detection of smaller voids, 
cracks, and discontinuities within concrete remain difficult since rather low frequencies are 
generated by impact. 
t1 t1 Time 
Fig. 1. Expected received time domain impact-echo signal showing consecutive reflections, 
with arrival times designated as tl, from the free surfaces of a specimen. 
Analysis 
Analysis of the unprocessed time domain signals may give some information concerning 
the depth of reflectors. However, these signals are often difficult to interpret, especially when 
multiple reflectors are present. Thus, signal processing is used to ease interpretation. The 
recorded time domain displacement waveform is transformed into the frequency domain by 
Fourier transformation. The idea behind using this processing is as follows. The time interval 
between successive L-wave echoes from some reflector(s) is given by ~t. Since the 
successive echoes set up by the so-called transient resonance condition can be considered 
periodic in nature, one can associate a resonance frequency with the value of ~t. This value 
of "frequency" is given by values of the peak in the ob~ned magnitude spectrum. More 
specifically: 
D = Cp/ 2 fp (1) 
where 0 = depth to the detected reflecting interface, Cp = L-wave speed in the material, and 
fp = the observed resonance frequency obtained from the magnitude spectrum of the 
frequency domain. Knowing the velocity of the material, an estimation of void depth(s) for 
each graph pair can be made from the peak value(s) of the magnitude spectrum and the 
formula given above. 
It is well known that the magnitude spectrum of the frequency domain resulting from a 
series of consecutive back-wall echoes, such as the longitudinal resonance set-up by 
impact-echo as in Figure 1, is a varying function of frequency. Specifically, the shape of a 
properly obtained magnitude spectrum will be characteristic of a single pulse (or impact) with 
superposed peaks at regular intervals representing the various modes of resonance frequency 
set-up by the multiple echoes. [4] For a nondispersive medium, the regular spacing of the 
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modes is given by: 
T=2D/Cp=lIM (2) 
where T = arrival time between pulses and M is the value spanned between two consecutive 
resonant frequency peaks in the magnitude spectrum. Thus according to wave propagation 
theory, the existing impact-echo technique requires us to select the first modal peak for a 
given resonance condition in order correctly to calculate time of arrival, by Equation (1), of 
consecutive pulses in the corresponding time domain. Note that the distance to the first mode 
in the magnitude spectrum should be the same as the distance between subsequent modes, 
M, as shown in Equation (2); however, only the first mode value is utilized in the existing 
impact-echo analysis. 
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Fig. 2. Calculated magnitude spectrums for single full and half sine pulses of identical 
frequency (approximately 630 kHz) . 
POSSIBLE PROBLEMS WITH EXISTING ANALYSIS 
For the impact-echo method to be reliable, accurate measurements of peak frequencies in 
the magnitude spectrum of the frequency domain must be made. In addition, the 
interpretation of confusing spectrums may be required. That is, the existing impact-echo 
analysis technique requires the selection and measurement of a specific peak frequency 
value(s) in the magnitude spectrum. This task may be made difficult because of 
considerations described below. 
Oscillatory Motion 
In contrast to the predicted displacement waveform as shown in Figure 1, actual received 
impact-echo waveforms contain both positive and negative components of displacement. 
Thus, the nature of each received pulse is probably oscillatory in nature, and better 
represented by a full sine wave pulse (0-2:n:) rather than a half sine wave pulse (O-:n:). This 
distinction leads to significant differences in the resulting calculated magnitude spectrum. 
Figure 2 demonstrates the differences in the calculated magnitude spectrum for a single full 
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sine pulse and a half sine pulse respectively of the same frequency. Note that the magnitude 
spectrums are calculated from mathematically represented pulses. Obviously, the excited 
values of frequency are quite different; the half sine pulse generates considerable magnitude 
at very low frequencies whereas the full sine pulse does not. Also note that the nodes, or 
areas of no frequency, are different for the two cases. This is of importance since the 
longitudinal modes of resonance in the magnitude spectrum for several consecutive pulses, as 
discerned as peaks, can only be excited if sufficient energy exists at that frequency value. For 
instance, this would suggest that low frequency valued resonant modes may not be excited 
by an impact with oscillatory motion since the exciting energy is low there. Thus, the 
possible oscillatory nature of the impact pulses may lead to problems if the standard 
impact-echo analysis approach is used since the first resonant mode may not necessarily be 
excited sufficiently; other modes with sufficient excitation, such as the 2nd, 3rd, etc., may 
then be mistakenly taken as the first mode when Equation (1) is applied. The danger of the 
existing analysis method lies in assigning mode numbers to the observed peaks; that is, an 
observed resonant peak may not be the peak corresponding to the first mode. This problem 
becomes more viable if higher frequency oscillatory impacts are used in an effort to detect 
smaller voids in the concrete. 
Multi-Mode Wave Generation 
When a normal transient load, such as an impact, is applied to an isotropic elastic 
half-space, hemispherical longitudinal and shear wavefronts are generated followed by the 
Rayleigh surface wavefront. In fact, it can be analytically shown that the most of the energy 
generated by a harmonic normal point force on an elastic half-space is used in the formation 
of the Rayleigh surface wave. [5] Obviously, this leads to complications in the analysis since 
several wave modes may be traveling in a material with little or no field directivity. In 
addition, mode conversion may occur at boundaries and reflection sites which increases the 
number of wave modes propagating inside the specimen. It is clear that this results in a 
potentially complicated received time domain signal which in turn may result in potentially 
complicated calculated magnitude spectrum. It can be appreciated that the task of selecting a 
peak frequency, as required by the existing method using Equation (1), is made difficult, 
especially if multiple random reflectors are present. 
NEW APPROACH FOR ANALYSIS 
In order to accommodate the problems presented by oscillatory displacement and 
multi-mode wave generation, an alternative approach for the analysis of impact-echo data is 
proposed. Instead of the existing requirement to identify isolated peak frequencies in the 
calculated magnitude spectrum which correspond to longitudinal modes of vibration from 
reflectors of interest, it is proposed that trends in peak spacing, M values, be identified. 
Since the spacing of the resonant peaks, M, is equivalent to the distance to the first resonant 
peak for a nondispersive material, the possible distorting effects of oscillatory displacement 
and/or use of higher frequencies are reduced when M measurements are utilized. In addition, 
the observation of M trends may render the interpretation of a complicated spectrum more 
tractable. That is, signal contributions from the resonance of several concurrent wave modes 
may be differentiated from each other, isolated peaks, or noise. Similarly, the resonance 
set-up by reflections from several flaws and/or boundaries may be isolated. Of course, this 
task can only be completed with proper signal acquisition, digitizing, and processing. The 
importance of sufficient digitizing resolution in the time and frequency domains is 
paramount. 
Thus, the study of M trends in the calculated magnitude spectrum seems worthy of study. 
A limited test series was conducted in order to study the feasibility and practicality of this 
approach for the analysis of impact-echo data. It should be noted here that this new analysis 
approach is still valid even if the problems of oscillatory displacement and multi-mode 
generation are not present. 
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Test Set-up 
A limited laboratory test series was performed in order to evaluate the proposed analysis 
approach. Concrete test specimens were cast with 3/8 inch maximum particle size with a 
nominal compressive strength of 3500 psi. The specimens were formed in the shape of 
cylindrical disks with a nominal diameter of 6 inches and variable thicknesses. All tests were 
performed on the smoothed flat surfaces of the mature specimens. The impacts for the tests 
were generated by drops of steel ball bearings from a height of 12 inches onto the concrete 
specimen surface. The diametral size of the steel balls ranged from 0.18 inch to 0.45 inch. 
The surface displacements were monitored with a standard ultrasonic contact transducer with 
a nominal frequency of 400 kHz. The tests were performed in the pulse echo mode; the 
receiving transducer and the impact were on the same side of the specimen.The time domain 
signals were captured and processed with a leCroy 9400A digital oscilloscope with a 
sampling frequency of 5 MHz. A Matec ultrasonic tone burst pulse generating system was 
also used with the same transducer as above. 
In order to demonstrate the possible effect of oscillatory displacement on the impact-echo 
results, a preliminary test with the controlled tone burst pulsing unit was performed. In this 
case, the generated displacements will be oscillatory in nature, and only compressional waves 
will be produced within a controlled beam. The pulsing system was used to propagate a 4 
cycle, 400 kHz sinusoidal signal in the concrete specimen. The result is shown in Figure 3, 
where the received time domain signal lies below the associated calculated magnitude 
spectrum. In this case, two consecutive pulse arrivals separated by approximately 30 Jtsec are 
distinguishable in the time domain. According to theory, this corresponds to resonant peaks 
with a spacing of approximately 33 kHz. In fact, the calculated magnitude spectrum in 
Figure 3 exhibits peaks with the expected spacing along a finite bandwidth; thus the new 
analysis approach, M measurement, seems to work. On the other hand, the existing analysis 
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Fig. 3. Received waveform and associated calculated magnitude spectrum using a 400 kHz 
4 cycle burst in a 57 mm thick concrete specimen. 
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approach requires the selection of one peak value as representative of the longitudinal pulse 
arrival time. In this case, we may select a peak value of, say, 470 kHz; this results in the 
incorrect calculation of pulse arrival time as approximately 2 jlsec. Of course, the reason for 
this error is th¢ oscillatory motion of the displacement in this case; the lower frequency range, 
where thefitst resonant mode lies, is not excited by this particular oscillatory pulse. Figure 4 
shows the same display of data for an identical test but with modified input pulse parameters; 
here, a 2 cycle burst of 300 kHz is being propagated through the specimen. Note that in the 
received time domain signal, the consecutive arrivals of the pulses are not as apparent as 
earlier. However, the trend of 33 kHz peak spacing in the associated calculated magnitude 
spectrum is seen. Thus, the new approach for analysis appears to be successful despite 
changing frequency and frequency bandwidth character of the input pulse. Again, use of the 
existing approach for analysis would result in an incorrect determination of peak frequency, 
as a value of 400 kHz would probably be chosen. This would result in an incorrect 
determination of pulse arrival time. 
A typical laboratory generated impact-echo result will now be shown to demonstrate the 
feasibility of using the new analysis approach when multi-mode generation is caused by an 
impacting source. Shown in Figure 5 is the impact-echo time domain received signal as well 
as the associated magnitude spectrum resulting from the impact of the 0.18 inch diameter 
steel ball onto a 49 mm thick concrete specimen; the expected time between pulse arrivals is 
25 jlsec. The arrival of consecutive pulses is not seen in the time domain plot in Figure 5; this 
is because of the nature of the impact source as well as the superposition of the behavior 
several wave modes. Also, note that the time domain signal has significant positive and 
negative components which suggest oscillatory motion. Note that the frequencies generated 
by the impact are significantly lower than those used previously with the ultrasonic toneburst 
system. Generally, the frequencies excited are below 120 kHz, as shown, in the case of 
impact generated pulses. The displayed magnitude spectrum shows a somewhat complicated 
signal with several peaks. Closer study reveals a strong trend in peak spacing of 40 kHz; in 
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Fig. 4. Received waveform and associated calculated magnitude spectrum using a 300 kHz 
2 cycle burst in a 57 mm thick concrete specimen. 
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Fig. 5. Received impact-echo signal and associated magnitude spectrum using an 0.18 inch 
steel ball as an impact source on a 49 mm thick concrete specimen. The time scale is 20 }tsec 
per division; the frequency scale is 100 kHz per division. 
fact, this spacing is seen between the following peaks: 1st &3rd, 2nd & 4th, 3rd & 5th, and 
4th and 6th. This would suggest that these peak spacings are associated with pulse arrival 
times of approximately 25 }tsec, the expected value. Of course, there are other M trends 
besides 40 kHz; these may represent the behavior of other wave modes besides the 
compressional mode. However, the 40 kHz M seems most dominant.Thus, the new analysis 
approach seems to work despite the rather complicated spectrum. Note that the existing 
analysis approach would result in the correct answer if the 40 kHz mode was chosen; 
however, it is clear that the observation of peak spacing trends results in a more reliable value 
than selection of a single mode. 
SUMMARY 
The critical task of condition evaluation of existing concrete structures requires a reliable 
and precise method of nondestructive void, crack, and element boundary detection. The 
impact-echo method shows promise in this direction. However, conditions such as the 
possible oscillatory nature of displacement pulses and/or multi-mode wave generation from 
an impact source may make use of the existing analysis approach unreliable. In fact, 
laboratory tests have demonstrated this to be the case. A new approach, measurement of M 
between modal peaks in the magnitude spectrum, has been proposed which may 
accommodate the mentioned problems. That is, the observation of M trends in the spectrum 
may simplify the interpretation of, say, an oscillatory signal comprised of the response from 
several reflectors by several wave modes. Also, this technique would make analysis of 
results independent of pulse frequency and frequency bandwidth; this is important 
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considering the application of higher frequencies in order to improve imaging resolution. Of 
course, more experimental research is required before this new approach can be considered 
reliable. Effects such as signal dispersion, impact pulse control, signal scattering, specimen 
variety, and alternative instrumentation must be considered. 
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